Until recently, the Human Genome Project held centre stage in the press releases concerning sequencing programmes. However, in October 2001, it was announced that the Japanese puffer fish (Takifugu rubripes, Fugu) was the second vertebrate organism to be sequenced to draft quality. Briefly, the spotlight was on fish genomes. There are currently two other fish species undergoing intensive sequencing, the green spotted puffer fish (Tetraodon nigroviridis) and the zebrafish (Danio rerio). But this trio are, in many ways, atypical representations of the current state of fish genomic research. The aim of this brief review is to demonstrate the complexity of fish as a group of vertebrates and to publicize the 'lesser-known' species, all of which have something to offer.
Background
Fish have the potential to be immensely useful model organisms in medical research, as evidenced by the genomic sequencing programmes mentioned above. Indeed, there is an increasing number of alternative species, such as Xiphophorus and medaka, which are being promoted in this area. However, it is fair to say that, in general, fish are the poor relations of high-throughput molecular biology. To put fish into context, they comprise over half of all known vertebrates and are economically very important. They are a significant source of revenue, with the fisheries industry (national fishing fleets, aquaculture and associated processing) generating ¤20 billion per year for the EU alone (without taking into account recreational or game fishing and aquarium supplies). This contrasts with the fact that the species undergoing sequencing programmes were chosen due to their potential as model genomes/organisms, rather than their commercial importance. Globally in aquaculture, the three most important fish are carp, Atlantic salmon and trout; with anchoveta, Alaska pollock and Chilean jack mackerel leading the wild-caught fisheries production figures. The equivalents within the EU are trout, Atlantic salmon and sea bass/bream for aquaculture; with herring, mackerel and sprat for wild-caught fisheries. None of these species is the subject of a high-profile genomics programme.
Fish relationships
The term 'fish' is not a taxonomic rank, but a convenient label for a diverse group of organisms (for a comprehensive review, see Nelson, 1994) . Overall, this convenient grouping of 'fish' varies depending on different sources, but can include the jawless vertebrates (Agnatha), sharks and rays (Chondrichthyes), the lobe-finned fishes (Sarcopterygii) and the ray-finned fishes (Actinopterygii, including the Teleostei).
The lobe-finned fishes are in an evolutionarily critical position leading to the human lineage. The ray-finned fishes diverged from this 'main' lineage approximately 450 million years ago and have since undergone massive diversification in morphology, physiology and habitat. Their genomes did not remain static and they are still evolving, with the phylogenetic relationships uncertain in many cases. Within this particular class (Actinopterygii) are those regarded as the more 'ancient fishes'. This latter category includes the sturgeons, paddlefishes and bichirs, which have relatively few extant members when compared to the rest of the class. This review will be largely restricted to a sub-set of the ray-finned fishes, the Teleostei or bony fishes (Figure 1 ), where the model and (most) commercial species are found. Table 1 lists the more commonly known members of each order (Nelson, 1994) .
Genome sizes and karyotypes
Fish certainly appear to have a much more dynamic and plastic genome than that of mammals, with genome sizes varying from 400 Mb in some of the Tetraodontidae to over 1000 Mb in the African lungfishes (Hinegardner, 1968; Hinegardner and Rosen, 1972; Ohno, 1974; Tiersch et al., 1989) . This wide range of genome sizes is also reflected in huge karyotypic variation, with diploid numbers as low as 2n = 22-26 in some Nototheriidae (Ozouf-Costaz et al., 1997) , up to 2n = 240-260 in some anadromous Acipenseridae (Fontana et al., 1997) . However, these diploid numbers hide the fact that many species are polyploid. Although the salmonids are the best known example of such, many other species, such as members of the Cobitidae, Catostomidae and Asipenseridae also contain different ploidy levels, even up to 8× (Ohno, 1974; Bailey et al., 1978, and references therein) . Hence fish, as a group of vertebrates, do not seem to have the same stringent genomic controls that exist within other groups of vertebrates, a property which may be due in part to their lack of a rigid sex chromosome system. Data on the more common species is given in Table 2 .
Polyploidy and fish-specific duplications
It is known that many fish are polyploid, the prime example given above being that of the salmonids, in which members such as trout and salmon are actually partial tetraploids, 2n = 4× (Lee and Wright, 1981; Wright et al., 1983; Allendorf and Thorgaard, 1984) . The term 'partial' means that the species have undergone an ancient extra whole genome duplication (i.e. in addition to the two rounds of whole genome duplication which occurred in the vertebrate lineage, proposed by Ohno, 1970) and are currently reverting to diploidy via a process of gene loss. However, there is currently much debate as to whether the whole of the Euteleostei have undergone an extra whole genome duplication, or just isolated Bejar et al., 1997; Hinegardner, 1968; Hinegardner and Rosen, 1972; Ohno, 1974; Sola et al., 1993; Tiersch et al., 1989 species. This debate arose mainly from the results of mapping studies of zebrafish, which showed that approximately 25% of loci are duplicated (Gates et al., 1999 and references therein; Barbazuk et al., 2000) and led to the proposal that this is also a partial tetraploid (Amores et al., 1998; Woods et al., 2000; Postlethwait et al., 2000; Babuzuk et al., 2000) . Indeed, as molecular studies on fish expand, many 'extra' genes are being discovered in this class of vertebrates (Wittbrodt et al., 1998) . The exact origin of these 'extra' genes is hotly debated, with two main camps; those that believe that these genes arose due to a basal (extra) whole genome duplication in the Euteleostei (Taylor et al., 2001a,b) and those who take the view that many different independent gene or chromosomal duplications have occurred in the fish lineage (Robinson-Rechavi et al., 2001a,b,c; Hughes et al., 2001) . It is doubtful whether there will ever be complete agreement between the two sides, even with the imminent sequencing of three fish genomes.
The choice of current fish sequencing models
So why is it that the second draft vertebrate genome is that of an infamous, potentially deadly fish, available only in Japan? The answer is largely historical. When Fugu was originally proposed as a model genome, over 10 years ago, the high-throughput sequencing technologies were just being developed to cope with the sequencing of yeast and C. elegans. The complete sequence of the human genome was viewed as a very distant possibility and work concentrated on EST programmes and sequencing of individual genes. Fugu was proposed as a 'cutprice' vertebrate, with a genome one-eighth the size of human but with a similar repertoire of genes and a potential bridge between the sequence of the nematode and human. However, in a bizarre twist of events, the human genome was completed first and, with a requirement to fuel the enormous world-wide sequencing capacity, Fugu was retrospectively sequenced.
Tetraodon is a freshwater species and therefore more easily maintained when compared with the marine Fugu. More importantly, it is readily available in most aquarium shops and this was proposed as a more accessible source of material, hence prompting the sequencing programme at Genoscope. Additionally, Tetraodon can be kept in a tank on the laboratory windowsill, whereas Fugu is only available from Japan, and grows up to 1 kg in the first year, necessitating swimming pool-sized aquaria as a minimum. However, both Fugu and Tetraodon will only be used as model genomes, as neither breeds easily (if at all) in captivity, therefore ruling out linkage maps, transgenics, inbred lines, etc. They will mainly be used as models for in silico comparisons with human, aiding gene prediction (Roest Crollius et al., 2000) and identification of conserved non-coding regulatory motifs (Rothenberg, 2001 ). It is intended to complete the Fugu genome to reference standard; however, the whole genome shotgun of Tetraodon currently stands at 8.3× coverage (H. Roest Crollius, personal communication) with, as yet, no publicized aim of finishing the complete genome.
Zebrafish differs from the previous two fish in that it breeds easily and is very amenable to manipulation. It is used as a developmental model, due to the transparent nature of the embryos (NussleinVolhard, 1994) and is very popular in medical comparative functional genomics studies (Dodd et al., 2000; Briggs, 2002) . As an organism, it is very amenable to ENU mutagenesis technology, with two large screening programmes producing numerous mutants of medical importance (Solnica-Krezel et al., 1994; Driever et al., 1996; Haffter et al., 1996) . Whilst the genome is one-third the size of human, it is still intended to sequence this organism to reference standard within the next year or two. Whilst these three fish are not necessarily representative species of the whole grouping, they have raised the profile of fish as models within medical research.
Contribution of other fish species
Fish are an immensely diverse group of organisms, inhabiting an enormous variety of habitats. Some live in almost pure freshwater, whilst others survive in very salty lakes at three times the salinity of seawater. Certain tilapia species can live quite happily in hot soda lakes with a temperature of 44
• C; conversely, the cod icefishes prefer around −2
• C (Nelson, 1994) . The consequential protein diversity is potentially fascinating, both from an evolutionary point of view and also for pharmaceutical exploitation. The classic example of the latter, so far, is the increased potency of salmon calcitonin and its use as a therapeutic agent for inhibiting calcium loss from bone in humans (Wisneski, 1990) .
At the moment, fish are contributing significantly to medical research. They provide a wide range of experimental tumour models, which are cheaper and easier to keep than mammalian models. Also they can be bred in such numbers to produce statistically meaningful results. It has long been known that Xiphophorus interspecies hybrids provide genetically controlled models of cancer formation [extensively reviewed in a special edition of Marine Biotechnology 2001; 3(1)]. However, a survey of the archives of the Registry of Tumours in Lower Animals (RTLA; Harshbarger and Slatick, 2001 ) uncovered a list of over 215 cultured fish species, which display a broad range of spontaneous or induced tumours. These represent a valuable collection for finding appropriate surrogates for research with which to enhance our knowledge of carcinogenesis and other human diseases. Some of the lesser-known models include carcinoma of the urinary bladder in oscar (Astronotus ocellatus; Petervary et al., 1996) and nephroblastoma resembling Wilm's tumour in Japanese eels (Anguilla japonica; Masahito et al., 1992) . Medaka is also being using in tumour genetics (Rotchell et al., 2001 ), but has been promoted more specifically for the study of germ cell mutagenesis and genomic instability (Shima and Shimada, 2001) . One example of the latter is its use to estimate germ cell mutations in Astronauts exposed to high atomic number, high-energy (HZE) nuclei present in cosmic rays (Setlow and Woodhead, 2001) . In addition to these specific medical uses, fish are also valuable tools for deciphering essential biological processes (Bolis et al., 2001; Clark et al., 2002; Grunwald and Eisen, 2002; Korpi et al., 2002) .
Teleostei 187
Fish have many advantages over mammals for research purposes. Many are small, with short reproductive cycles and are relatively easy to maintain. Therefore they are ideally suited to lifetime, multigenerational and population studies. One particular high-profile use is that of endocrine disrupters and environmental monitoring of toxic compounds (often called 'biomonitoring'; Bailey 1996 Bailey , 2000 Bonaventura, 1999) . The variety within fish species allows the researcher to pinpoint the most susceptible species for each particular compound under study. Rainbow trout have a long history of such a use (extensively reviewed in Thorgaard et al., 2002) and an increasing number of different fish are being employed to monitor our increasingly polluted environment. These include the three-spined stickle back, sheepshead minnow, sunshine bass and medaka to measure environmental oestrogens (Katsiadaki et al., 2002; Larkin et al., 2002; Todorov et al., 2002; Metcalfe et al., 2001) . A number of other fish species can be used to monitor chemicals such as dioxins, polycyclic aromatic hydrocarbons (PAHs), polyhalogenated biphenyls (PCBs), alkylphenols, DDT isomers, etc. (Bailey et al., 1996; Ballatori and Villalobos, 2002; Fent, 2001; Hahn, 2001; Thorgaard et al., 2002; Wester et al., 2002) .
Medical and environmental models aside, it cannot be denied that the main commercial purpose of fish is as a source of food. However, the world's fisheries are in crisis, with serious discussion within Europe of a total ban on capturing certain species, such as cod and haddock, to prevent their extinction. This comes at a time when there is growing concern over the health of the European population, with problems such as clinical obesity becoming more common and fish are being promoted as part of a 'healthier' diet. The nutritional benefits of a balanced diet, which includes seafood, are well known. Seafood contains a range of ingredients that have a positive effect on health and which, through the premise of 'functional' food, could be enhanced to meet a response for these needs. There is an increasing world deficit between supply and demand for fish and fish products, which is only partially being met through aquaculture. Atlantic salmon and trout are world leaders in fish aquaculture, with catfish the major aquaculture species in the USA and the two Spiridae, sea bream and sea bass, particular European favourites. Whilst aquaculture systems have long been established for some species, there are still considerable problems concerning environmental pollution, diet quality and rearing difficulties, involving a high incidence of skeletal abnormalities and captive stress. Biotechnology, including genomics programmes, can aid in our understanding of these problems and optimization of production processes. Although mapping programmes exist for the most important aquaculture species, our genetic knowledge of wild-caught fisheries stock is comparatively low. The latter is particularly disturbing, as many species are either at, or approaching, their minimum levels of sustainability in the wild and there are few markers with which to monitor population structure and associated genetic bottlenecks. It also means that, should captive breeding programmes be initiated, there are not sufficient tools to rapidly develop marker-assisted selection breeding programmes.
Tools for fish mapping and genome sequencing

ESTs
A relatively quick and easy way to generate gene data from any species is via the construction and sequencing of EST libraries. Indeed, this has been carried out for many fish species including winter flounder (Douglas et al., 1999) , tilapia (Hamilton et al., 2000) , Japanese eel (Miyahara et al., 2000) , catfish (Ju et al., 2000; Cao et al., 2001; Karsi et al., 2002) and salmon (Davey et al., 2001) , although many ESTs find their way into the public databases (GenBank and EMBL) without being written up for publication. All contribute to our knowledge on protein diversity in fish and provide markers for placement on genetic maps and annotation data for genomic sequence. ESTs also provide the raw clones for the development of microarrays, a potentially very powerful tool for expression analysis.
BACs
Large insert libraries, such as BACs, are essential tools in any genome sequencing project. BAC libraries are increasingly being produced for fish species, including red seabream (Katagiri et al., 2002) , rainbow trout, carp and tilapia (Katagiri et al., 2001 ) and medaka (Matsuda et al., 2001) .
BACs can provide useful data on short-range linkage and a tool from which to genomically clone sequences of interest. The latter is of particular use for studying regulatory elements and control regions. A fingerprinted BAC library can provide the framework for a directed sequencing programme on any scale. Whilst whole genome shotguns (WGS) are effective for smaller fish genomes, the problem of producing contigs of useful size by this method becomes increasingly complex with the larger genomes, as the amount of 'junk' DNA increases and the problem of polyploidy has to be addressed. Most of the highly repeated elements have to be removed from the WGS dataset to prevent erroneous joining of fragments. Certainly it has been found to be advantageous to use only one animal, if possible, in the construction of the libraries, and indeed sequencing programmes, to minimize problems of polymorphic variation between individuals.
Linkage maps
These provide valuable tools for the positional cloning of genes and analysis of complex traits (QTLs) and also act as a useful reference framework for genome sequencing studies. However, they do require the production of inbred lines and the development of a set of polymorphic markers. In fish, a wide range of marker types has been used: amplified fragment length polymorphisms (AFLPs), randomly amplified polymorphic DNA (RAPD); intervening repeat sequences (IRSs); expressed sequence tags (ESTs); sequence tagged sites (STSs); interspersed nuclear repeats (INRs); simple sequence repeats (SSRs); variable number tandem repeats (VNTRs); short interspersed elements (SINEs) and expressed sequence marker polymorphisms (ESMPs). These have been very effective at promoting genetic analysis and building detailed maps for a number of species, such as zebrafish Barbazuk et al., 2000) , catfish (Liu et al., 1999a,b,c) , trout (Young et al., 1998; Sakamoto et al., 2000) , medaka (Naruse et al., 2000) , tilapia (Kocher et al., 1998 , Agresti et al., 2000 McConnell et al., 2000) , salmon (Linder et al., 2000) and Xiphophorus (Kazianis et al., 1996) . The result is that transfer of markers between species and comparison of map data between species is difficult. Genomic sequencing and the development of gene markers will circumnavigate this problem.
The issue of 'extra' genes and different ploidy levels does represent a potential problem for the development of markers and a genetic map. In salmon, some of the markers are duplicated, i.e. they show up to four alleles and cause problems with genotyping. These effectively have to be ignored when scoring the genotypes and so the tetraploid areas are under-represented in the genetic map. BAC contigs and SNPs used in conjunction with genotyping may help resolve this (Hoyheim, personal communication) . This is an issue that will arise with other fish species.
Microarray technology
Whilst a relatively recent technology, published uses include studying cold acclimation in catfish (Ju et al., 2002) and the use of sheepshead minnows for environmental monitoring (Larkin et al., 2002) . There are microarrays currently being developed for most of the 'popular' fish species, such as Atlantic salmon (w. Davidson, personal communication.) and sea bream (M. S. Clark, unpublished) . With the large number of fish ESTs available in the public databanks and numerous libraries distributed in labs world-wide, microarrays will inevitably be targeted in new projects and provide valuable insights into fish biochemistry and physiology.
Linkage maps are usually the first tool to be developed in fish genomics, due to the relative ease of manipulating the fish and producing inbred and backcross lines. These are also comparatively cheaper than launching straight into a genome sequencing programme. However, the spin-off from the human genome project is that genomics techniques, such as the development of BAC libraries, are more readily available and cheaper than ever before. A genome programme (although impressive on the grant proposals) is not always the best option in many cases. QTL mapping of commercially important traits may be more efficiently achieved using crosses between contrasting fish populations, or expression analysis using microarray technology.
Progress in mapping and sequencing fish genomes
The sequence information on many fish is sporadic, often restricted to a few particular genes or microsatellites. However, it is possible to identify the front-runners in genomics studies, which represent the best candidates for genomic sequencing in the near future. Websites have been given for some of the BAC libraries in the various species. However, please note that these may not necessarily represent the particular libraries being used in the mapping projects described. 
Atlantic salmon
Trout
Linkage map: two maps have been produced; that of Young et al. (1998) comprises 476 markers segregated into 31 major linkage groups and 11 small groups and Sakamoto et al. (2000) has 109 markers segregating into 29 linkage groups. 2n = 2× = 60. BAC library: four have been constructed, two in Japan (Katagiri et al., 2001) 
Xiphophorus
Linkage map: two recombination-based maps have been produced in hybrid backcross lines. The first was constructed using a cross between X. maculatus and X. helleri ; it comprises 320 markers (mainly RAPDs with some isozyme and microsatellites), which provides approximately 8.2 cM coverage and segregates in 24 linkage groups. The second was created using a cross between X. maculatus and X. andersi and comprises approximately 220 microsatellite loci, 38 isozyme loci and a limited number of cloned genes. This map is still being worked on (Kazianis, personal communication 
Prospects
The phylogenetic juxtaposition of the three species currently undergoing sequencing may prove pivotal to the expansion of fish genomics research.
Zebrafish is relatively distant (Ostariophysi) from the two pufferfish species (Percomorpha) and it will be interesting to evaluate how similar gene structure and gene positioning are within the same order (Percomorpha) and within different euteleost orders (Ostariophysi vs. Percomorpha; Figure 1 ). This should provide a reasonable gauge of evolutionary change within fish and therefore the potential for data mining of model species with regard to other fish. If gene structures and orders are significantly different between zebrafish and the pufferfish, this will add to the pressure to sequence (at least to draft quality) additional species. At a minimum, this should include a member of the salmonids for their commercial importance, a marine perciform, again for their commercial importance but also because most marine species have a chromosome complement of 2n = 48, unlike the model species now under study, and a strong case could be made for one of the fish cancer models. Fish have a lot to offer to humans, not only in terms of health (diet and medication) but also in terms of our guardianship of the environment -sequencing a range of fish genomes would certainly help to unlock that potential. One thing is certain: fish genomics now has a higher profile and a greater number of tools than ever before. 
Web-based resources
